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Abstract: Breast cancer is a heterogeneous group of diseases that frequently exhibits loss of 
growth control, and disrupted tissue organization and differentiation. Several recent studies indi- 
cate that apical-basal polarity provides a tumor-suppressive function, and that disrupting polarity 
proteins affects many stages of breast cancer progression from initiation through metastasis. 
In this review we highlight some of the recent advances in our understanding of the molecular 
mechanisms by which loss of apical-basal polarity deregulates apoptosis, proliferation, and 
promotes invasion and metastasis in breast cancer 
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Pathophysiology of breast cancer 

The normal mammary gland architecture consists of a bilayer of epitheHal cells; the 
inner layer is made from polarized luminal cells that are surrounded by an outer myo- 
epithelial cell layer, which contacts the basement membrane. Breast cancer develops 
through a step-wise progression from benign epithelial atypia and atypical ductal hyper- 
plasia (ADH), to malignant ductal carcinoma in situ (DCIS), or more rarely lobular 
carcinoma in situ (LCIS), and finally to invasive ductal carcinoma (IDC).' Epithelial 
atypia and hyperplasia are precursor lesions that are clonal and are characterized by 
multi-layering of ducts (Figure 1).^"^ DCIS lesions consist of malignant cell masses that 
lack ductal organization, express E-cadherin, can have the presence of small disordered 
luminal spaces, and are enclosed by an intact basement membrane (Figure 1 

Invasive ductal carcinomas breach the basement membrane (Figure 1 and can 
be divided into subtypes that have distinct histological features, molecular expression 
signatures, and clinical outcomes.' Luminal A breast cancers express markers of lumi- 
nal ductal cells such as cytokeratin 8, as well as estrogen and progesterone hormone 
receptors and have a good prognosis. Luminal B cancers also express luminal cell 
markers, but have higher proliferation and a worse prognosis than Luminal A. Human 
epidermal growth factor receptor 2 (HER2) positive tumors have amplification of 
the HER2/ErbB2 growth factor receptor and also have poor prognosis. Finally, triple 
negative cancers lack expression of estrogen, progesterone, and HER2 receptors and 
have the poorest prognosis. Triple negative cancers can be further subdivided into 
basal-like, which express markers of basal myoepithelial and mesenchymal markers; 
and claudin-low cancers, which are enriched in stem cell markers and have low levels 
of differentiation markers and genes associated with adherens junctions (AJs) and 
tight junctions (TJs).^ ' 
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The normal mammary gland is hierarchically organized 
with a multipotent stem cell population that can give rise to 
more committed progenitors, lineage restricted myoepithelial 
and luminal cell progenitors, which produce differentiated 
myoepithelial and luminal epithelial cells respectively. 
Remarkably, gene expression signatures of different breast 
cancer subtypes resemble different populations along the 
differentiation hierarchy, and therefore it has been postulated 
that different breast cancer subtypes may be derived from spe- 
cific stem cell (claudin-low), progenitor (basal-like, HER2), 
and differentiated populations (luminal A/B).'" " 

Most breast cancer-related deaths occur because of 
metastasis to secondary sites. Metastasis has classically 
been considered a late event in cancer progression. However, 
dissemination of cells from a primary breast lesion may occur 
early in tumor progression, indicating that tumor progres- 
sion and tumor dissemination may occur through distinct 
mechanisms. '^ '^ Remarkably, even non-metastatic or non- 
transformed breast cells are capable of disseminating and 
surviving in the lung microenvironment.'^-*'' 

Epithelial cell polarity 

In the breast, luminal epithelial cells exhibit apical-basal 
polarity, which is the asymmetric distribution of proteins 
and lipids to distinct membrane domains. The apical domain 
faces the central lumen of the duct, into which milk is 
secreted during pregnancy. The basolateral domain makes 
contact with neighboring luminal cells as well as myoepi- 
thelial cells and the basement membrane (Figure 2). Cell- 
cell adhesions between luminal cells are mediated by AJs, 



which maintain intercellular adhesion through E-cadherin by 
linking to the actin cytoskeleton through a- and P-catenin 
adaptors. Desmosomes also mediate cell-cell adhesions, 
which link to the cytokeratin cytoskeleton through trans- 
membrane desmocollin and desmoglein proteins. Finally, 
apical TJs associate with adjacent cells through transmem- 
brane proteins including claudins, occludins, and junction 
adhesion molecule A (JAM-A), and are anchored to the 



Apical domain 




Scribble complex 



Basal domain 

Figure 2 Polarity complexes in epithelial cells. 

Notes: The localization of the Crumbs, Par, and Scribble complexes define the 
apical and basolateral domains through complex interactions and mutual exclusion. 
Abbreviations: Amot, angiomotin; aPKC, atypical protein kinase C; cdc42, cell 
division control protein 42; Crb, Crumbs 3; Dig, Discs-large; Lgl, lethal giant larvae; 
Lkbl, liver kinase bl; Patj, Pals I -associated tight junction protein; Scrib, Scribble. 
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actin cytoskeleton through the adaptor zonula occludens 1 
(ZO-1). TJs create a selective permeability barrier between 
cells, and also separate the apical and basolateral membrane 
domains. 

Apical-basal polarity is established and maintained by an 
evolutionarily conserved group of proteins that assemble into 
dynamic protein complexes (Figure 2)."'"'^ The Par complex 
consists of the multi-domain scaffolding protein, Par3, the 
adaptor Par6, atypical protein kinase C (aPKC), and the small 
GTPase cell division control protein 42 (Cdc42). Par3 binds 
directly with phospholipids at the plasma membrane and 
with the tight junction protein JAM-A" and recruits Par6 
and aPKC to the plasma membrane where Cdc42 induces a 
conformation change in Par6 that enables aPKC activation. 
The membrane localization of Par3, and subsequently Par6 
and aPKC, is partly restricted by another Par protein, Parlb, 
which localizes to the basolateral domain. Parlb phospho- 
rylates Par3, which creates a binding site for 14-3-3 proteins 
(also called Par5), and causes Par3 to dissociate from the 
cell cortex. In this way, basolateral Parlb excludes the 
Par complex from the basolateral domain and restricts it 
apically. Conversely, aPKC phosphorylates Parlb to exclude 
it from the apical membrane.^^ 

Another Par protein is liver kinase b 1 (Lkb 1 ; also known 
as Par4), which phosphorylates and activates a family of 
13 AMP-activated protein kinase (AMPK)-related kinases 
to regulate cell growth, metabolism and cell polarity. One 
of the substrates is Parlb, which provides a mechanism by 
which Lkbl regulates apical-basal polarity.^" In addition, 
AMPK, which is phosphorylated and activated by Lkbl, is 
also implicated in modulating cell polarity by regulating tight 
junction formation.^^ Importantly, expression of a constitu- 
tively active AMPK rescues polarity defects in Lkb 1 -mutants, 
indicating that AMPK is a direct downstream effector of Lkb 1 
that regulates polarity.-'' 

In epithelial cells, the Crumbs complex is comprised of 
the transmembrane protein Crumbs 3 (Crb), which binds 
the multi-domain proteins Palsl (also known as MPP5), 
Pals 1 -associated tight junction protein (Patj; also known as 
INADL), and angiomotin (Amot), which are required forTJ 
formation and to specify the apical membrane.^' 

The Scribble complex is positioned at the basolateral 
membrane and consists of the scaffolding proteins Scribble 
(Scrib), Discs-large (Dig), and the adaptor lethal giant larvae 
(Lgl2; also known as Hugl2). Scrib localization at the basolat- 
eral membrane is dependent on cell-cell adhesion mediated 
by E-cadherin.-** In return, the Scrib complex is necessary 
to maintain E-cadherin-mediated adhesions, and specifies 



the basolateral membrane.^' Furthermore the Scrib com- 
plex opposes apical membrane identity and in Drosophila, 
expression of Scrib mutants cause the delocalization of apical 
proteins to all cell surfaces.^" 

The three polarity complexes are complementary and 
act together to establish and maintain polarity. However, 
the complexes are dynamic and can interact with each other 
to regulate apical-basal polarity (Figure 2). For example, 
Lgl2 associates with Par6 and aPKC, which is important 
for trafficking of Par6/aPKC proteins. Par3 competes with 
Lgl2 for binding, and activated aPKC phosphorylates and 
inhibits Lgl2. Moreover, Par6 can interact with Palsl and 
Crb of the Crumbs complex, and Pals 1 is required for normal 
localization of the Par complex. ^'-^^ Crb competes with Par3 
for binding Par6, which localizes Par6/aPKC to the apical 
membrane in polarized cells. 

The role of polarity proteins 
in cancer signaling 

At a fundamental level, breast and other epithelial cancers 
are characterized by a loss of growth control. This can occur 
at both qualitative and quantitative levels, whereby both 
the organization or differentiation state of cells (qualita- 
tive growth) and number of cells (quantitative growth) are 
deregulated. Emerging evidence indicates that cell polarity 
proteins have key roles in regulating both quantitative and 
qualitative aspects of epithelial growth control. Maintaining 
apical-basal polarity is important because it controls the 
localization of key mediators of signaling pathways involved 
in regulating proliferation, apoptosis, differentiation, and tis- 
sue organization. In this way, apical-basal polarity is a crucial 
mechanism to ensure that the communication between a cell 
and its microenvironment is correctly interpreted. 

A number of mechanisms can account for altered expres- 
sion of apical-basal polarity proteins in breast and other 
cancers. For example, amplification of the aPKCi gene 
{PRKCI) has been observed in high-grade serous ovarian can- 
cers, non-small-cell lung cancer and esophageal squamous 
cell carcinoma.^^"^^ Furthermore, the Par6P gene, PARD6B, is 
frequently amplified in breast cancer^' Conversely, gene dele- 
tions for Par6y {PARD6G), Par3 {PARD3), or Dlgl {DLGl) 
have been documented in multiple cancer types." In addi- 
tion, epigenetic changes can alter expression in tumors, and 
hypermethylation of the DLG3 promoter results in inactiva- 
tion in colorectal cancer^* The expression of polarity proteins 
can also be affected by aberrant transcriptional regulation, 
and several polarity proteins are suppressed by transcription 
factors that promote tumorigenesis, including Zebl/2 and 
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Snail. Mutations can also affect polarity signaling. Muta- 
tions have been identified for aPKC, which affect its kinase 
activity or substrate specificity.'" ''^ Furthermore, expression 
of Scrib with a mutation that disrupts its localization has 
many of the same tumorigenic effects as loss of Scrib.''^ More- 
over, numerous intragenic deletions have been identified in 
Par3 that remove domains that are necessary for localization 
and interactions with downstream effectors." In this paper we 
will discuss evidence that polarity proteins regulate diverse 
signaling pathways and that disrupted polarity signaling 
contributes to multiple stages of cancer progression, from 
initiation through invasion. 

Tissue organization and cell polarity 

The earliest stages of breast tumorigenesis involve loss of 
bilayer organization, with ducts becoming multilayered 
(Figure 1). Cells that no longer contact the lumen lose apical- 
basal polarity and eventually form solid masses that may 
contain micro-lumina (Figure 1). Interestingly, this process 
resembles normal events during mammary branching mor- 
phogenesis, when ducts become multilayered at the leading 
tips of growing ducts. The inner cells within the multilayered 
epithelium transiently lose apical-basal polarity, with aPKC 
colocalizing with basolateral proteins (3-catenin and Scrib, 
and Par3 becoming delocalized to the cytoplasm.*^ 

Loss of an apical-basal protein is sufficient to induce the 
multilayered phenotype observed during early stages of breast 
cancer progression. For example, depletion of Par3 from 
the normal mammary epithelium in mice results in dilated, 
multilayered ducts that resemble epithelial atypia.*^ Although 
Par3 -depleted ducts still contain a central lumen and retain 
tight junctions, some aspects of apical-basal polarity are 
lost since they no longer have aPKC restricted to the apical 
membrane.''^ This mirrors human breast cancer, in which 
Par3 is frequently downregulated and aPKC is mislocalized 
from the apical membrane.'"'"^* Furthermore, depletion of 
the basolateral protein Scrib from mammary epithelial cells 
leads to solid ducts with no luminal space, which is closer 
to DCIS, and appears more advanced than the loss of Par3 
phenotype."" Loss of Lkbl also leads to loss of apical-basal 
polarity in mammary ducts, which fail to form a lumen 
when cultured in 3D extracellular matrix."" Therefore, polar- 
ity proteins are essential regulators of mammary epithelial 
integrity, and disruption of individual polarity proteins is 
sufficient to induce lesions that are characteristic of early 
stages of breast cancer 

How might disruption of cell polarity affect tissue 
organization? A number of different mechanisms could 



account for generating a multilayered epithelium: 1) cells 
could switch to a more mesenchymal phenotype and migrate 
out of the plane of the epithelium; 2) cells could remain 
epithelial and rearrange to become multilayered; or 3) cells 
could misorient the plane of cell division from parallel 
to perpendicular to the epithelial layer (Figure 3). While 
some epithelial cells undergo an epithelial-mesenchymal 
transition (EMT) to become more migratory and leave the 
epithelial layer during embryonic development,^" there is 
little evidence that this occurs during early stages of breast 
cancer when cells predominantly retain epithelial markers, 
including E-cadherin.' During mammary gland development, 
the epithelia can transiently lose polarity. For example, dur- 
ing branching morphogenesis, multi-layering occurs in the 
absence of EMT, and instead individual cells lose polarity 
and rearrange within the epithelium.*'''^' Furthermore, dur- 
ing lactation, polarity is partially lost, with apical proteins 
Ezrin and Na/H Exchange Regulatory Factor 1 (NHERFl) 
becoming basolateral and interacting with P-catenin and 
E-cadherin. This reorganization is required to correctly local- 
ize the prolactin receptor,"*^ indicating that there is crosstalk 
between apical-basal polarity and hormone signaling. 

In several epithelial systems, the polarity machinery ori- 
ents cell division, and depleting Par3, Par6, aPKC, Cdc42, 
or Dig misorients cell divisions, causing defects in tissue 
organization (Figure 4).""^' The main link between polarity 
and spindle orientation is the adaptor protein Leu-Gly-Asn 
repeat-enriched (LGN; also known as Partner of Inscuteable 
[Pins]) protein, which binds to the heterotrimeric G-protein, 
Gai, a myristoylated protein anchored to the plasma 
membrane. '''' LGN also binds to Dig, which positions LGN 
at the lateral membrane.''' ''^ In order to segregate the mitotic 
chromosomes, mitotic spindle poles need to anchor to the 
lateral membranes, which is achieved through the binding 
of LGN to nuclear mitotic apparatus (NuMA; also known 
as Mud) protein, which can bind astral microtubules as well 
as the force generating microtubule motor protein dynein.*' 
A function for the Par complex is to prevent LGN from local- 
izing to the apical membrane to reinforce correct spindle 
orientation. Apically restricted aPKC phosphorylates LGN, 
which then binds 14-3-3 to induce a conformation change 
that releases it from the membrane, thereby excluding LGN 
from the apical membrane.'''' 

Our understanding of the mechanisms of how spindles 
are oriented is incomplete and additional mechanisms may 
be involved. For example, deletion of pi-integrin from the 
basal layer of the mammary epithelium causes spindle orien- 
tation defects, with mixing of the basal and luminal layers.*" 
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Figure 3 Potential mechanisms by which normal epithelial organization can be lost early in the progression of breast cancer. 

Notes: The model on the left shows a cell undergoing EMT to migrate out of the epithelial plane, then reverting through a MET. In the middle model, the epithelial cells 
rearrange so that they are multilayered. The model at the right shows a cell division perpendicular to the epithelial plane would give rise to a multilayered duct. 
Abbreviations: EMT, epithelial-mesenchymal transition; MET, mesenchymal-epithelial transition. 
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Figure 4 Model for oriented cell division. 

Note: Members of the Par complex and Dig interact with LGN to anchor spindle 
poles to the lateral membranes. 

Abbreviations: aPKC, atypical protein kinase C; cdc42, cell division control protein 
42; Dig, Discs-large: E-cad, E-cadherin; LGN, Leu-Gly-Asn repeat-enriched protein; 
NuMA, nuclear mitotic apparatus protein; MT, microtubule; Gai, guanine nucleotide 
binding protein alpha inhibitory I. 



Furthermore, deletion of pi-integrin from the mammary 
gland was recently shown to block apical-basal polarity, 
by deregulating trafficking of apical proteins.''^ Therefore, 
a potential mechanism by which loss of pi-integrin misori- 
ents cell divisions is by mislocalizing apical-basal polarity 
proteins. Support for the idea that spindle orientation defects 
can induce early tumor-like events comes from Drosophila, 
where disruption of Dig or Scrib misorients the cell division 
plane, and cells that divide out of the plane undergo apopto- 
sis,^' indicating that normal tissues can eliminate delaminated 
cells. Remarkably, however, when apoptosis is blocked, the 
delaminated cells develop into disorganized tumor-like 
masses. 

Polarity proteins balance 
proliferation and apoptosis 

The ability to balance proliferation and apoptosis is a funda- 
mental requirement for epithelial homeostasis, and altering 
this balance promotes tumor proliferation. For example, 
apoptosis and proliferation are interconnected through a 
process of compensatory proliferation.''' When epithelial 
cells are damaged and cannot be repaired they initiate an 
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apoptotic program that involves secreting morphogens to 
stimulate the surrounding cells to proliferate and replace the 
damaged cells. One cue that triggers apoptosis in damaged 
cells may be the integrity of apical-basal polarity itself, since 
loss of components of the Par or Scrib complexes can induce 
apoptosis.''^ " ''' Interestingly, blocking apoptosis induced 
by disruption of the Par complex leads to compensatory 
proliferation and epithelial overgrowth in Drosophila.^^ 
Remarkably, although depleting Dig or Crb induces apop- 
tosis, unlike depleting the Par complex, it does not induce 
compensatory proliferation, indicating that the three com- 
plexes induce apoptosis through different mechanisms.'"'' 
A compensatory-like mechanism may be at play in mammary 
epithelial cells, because loss of Par3 induces both apoptosis 
and proliferation in the developing mouse mammary gland 
and enhances mammary tumor growth.''^ '"' 

The Par complex may also regulate proliferation of cancer 
cells through additional mechanisms. Phosphatidylinositide 
3-kinase (PI3K) is a prominent player in the survival pathway, 
promoting growth and proliferation, and has an antagonistic 
relationship with the tumor suppressor phosphatase and 
tensin homolog (PTEN). Par3 binds PTEN, which targets it 
to tight junctions and is necessary to maintain apical-basal 
polarity.''* Par3 also binds to the catalytic pi 10 subunit of 
PI3K, which is necessary for polarity in migrating cells.'"' 
Interactions between PI3K/PTEN and the Par complex are 
likely important in both physiological and cancer contexts. 
Most breast cancers have at least one member of the PI3K 
pathway altered, and activation of this pathway is sig- 
nificant in basal-like breast cancers.™ In breast cancer and 
glioblastoma cell lines expressing oncogenic PI3K or loss of 



PTEN, aPKC expression and activity are upregulated, which 
blocks oncogene-induced senescence, thereby promoting 
proliferation (Figure 5)." Furthermore, in estrogen receptor 
positive breast cancer cells, estradiol promotes cell prolifera- 
tion by stimulating an interaction between the p85 regulatory 
subunit of PI3K, aPKC, Src, and ERa.'^ Therefore, balanced 
PI3K/PTEN signaling likely has an important function in 
linking cell polarity and growth control, and additional work 
should further clarify this relationship in cancer. 

Epithelial polarity and growth 
control through Hippo signaling 

Another mechanism that can control epithelial growth 
is through the transcription co-factor Yes-associated 
protein 1 (Yapl) or the related Taz (Figure 6). Yapl/Taz 
nuclear localization and activity is associated with onco- 
genic transformation in mammary epithelial cells, and also 
with invasion of lobular breast cancers and metastasis. 
Furthermore, activation of Taz sustains breast cancer stem 
cell self-renewal.'^ However, Yapl may also be a tumor 
suppressor in some breast cancers since it is in a region of 
frequent loss-of-heterozygosity (LOH) and depletion ofYapl 
from breast cancer cell lines increased their survival, inva- 
siveness, and tumor growth in xenografts.'* These apparent 
differences may be due to the ability ofYapl /Taz to interact 
with multiple transcription factors. For example, binding to 
the TEAD family of transcription factors regulates expres- 
sion of genes involved in proliferation,™ whereas binding 
p73 regulates apoptotic genes in response to DNA damage.*" 
There are a number of mechanisms that can regulate 
Yapl/Taz nuclear localization and activation, including the 
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Figure 5 Signaling pathways regulated by apical— basal polarity complexes. 

Notes: The polarity complexes impinge upon different signaling pathways. Loss or disruption of normal function of polarity proteins during tumorigenesis correspondingly 
deregulates the normal function of these pathways and processes, by stimulating their activation or inhibiting them. 

Abbreviations: Bim, Bcl-2 interacting mediator of cell death; Crb, Crumbs 3; c-Jun, cellular Jun; ECM, extracellular matrix; HER2, human epidermal growth factor receptor 2; 
Jak, Janus kinase; JNK, c-Jun N-terminal kinase; Lkbl, liver kinase bl; MARK, mitogen activated protein kinase; MMP, matrix metalloproteinase; PI3K, phosphatidylinositide 
3-kinase; RhoA, Ras homolog gene family member A; Scrib, Scribble; Stat, signal transducer and activator of transcription; TGF, transforming growth factor. 
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Figure 6 Regulation of Hippo-Yap I /Taz signaling by polarity complexes. The apical Crumbs and lateral Scrib complexes can sequester Yapl/Taz and the Hippo pathway 
kinases to prevent proliferation in polarized epithelial cells (left). Loss of polarity inactivates the Hippo pathv/ay and releases Yapl/Taz to enter the nucleus to regulate 
proliferation (right). The Crumbs complex can also regulate SMADs to sensitize cells to epithelial-mesenchymal transition. 

Abbreviations: Amot, angiomotin; Crb, Crumbs; EMT, epithelial-mesenchymal transition: Lats, large tumor suppressor; Mst, mammalian STE20-like protein kinase; 
NF, neurofibromin 2; Patj, Pals I -associated tight junction protein; Scrib, Scribble; Taz, transcriptional coactivator with PDZ binding motif; Yap, Yes-associated protein. 



Hippo pathway, cell-cell adhesion, cell tension through 
the actin cytoskeleton, G protein-coupled receptor (GPCR) 
signaling, tyrosine kinases, and cell polarity. ^'-^^ The Hippo 
signaling pathway is a negative regulator of Yapl/Taz and 
consists of a kinase cascade in which Mst 1/2 phosphorylates 
Latsl/2, which subsequently phosphorylates and inactivates 
Yapl by creating a 14-3-3 binding site required to export 
Yapl/Taz from the nucleus.^' Hippo signaling regulates 
contact-inhibited growth through Yapl/Taz by binding to 
cell polarity complexes, which sequesters Yapl/Taz out 
of the nucleus (Figure 6). Yapl interacts with multiple 
components of the Crumbs complex and tight junctions, 
including Palsl, Patj, and Amot, and depleting Crb or Palsl 
causes Yapl/Taz to accumulate in the nucleus in mammary 
epithelial cells." Regulation of the Yapl/Taz by the Crumbs 
complex is dependent on Mst 1/2 and Latsl/2; however, the 
mechanism by which the complexes function is incompletely 
understood. One possibility is that the apical cortex acts as 
a scaffold to regulate Hippo-mediated inhibition of Yapl/ 
Taz. Indeed, Latsl/2 is recruited to the plasma membrane 
by neurofibromin 2 (NF2), which is apically localized in 
epithelial cells,*'* and kidney and brain expressed protein 
(Kibra), which interacts apically with the Par complex, can 
regulate Latsl/2 activity.*'"**' Therefore, the Crumbs complex 
links cell density with proliferation control. The ability of 
Yapl/Taz to interact with multiple members of the Crumbs 
complex may mean that Yapl/Taz most efficiently binds to 
a complete Crumbs complex, ensuring that it is sequestered 
out of the nucleus in cells only when apical-basal polarity 
is fully established. 



Basolateral polarity complexes can also regulate Hippo 
signaling. For example, in breast cancer, Scrib acts as a 
scaffold to assemble Mstl/2, Latsl/2 and Taz." Either loss 
or mislocalization of Scrib blocks the ability of Mstl/2 to 
activate Latsl/2, resulting in sustained Taz activation. There- 
fore, the Hippo pathway may have multiple interactions with 
cell polarity complexes as a mechanism to sense epithelial 
integrity. An advantage of this would be that the cell would 
be sensitive to relatively minor disruptions in apical-basal 
polarity, which could enable a graded activation of Yapl. 
Further studies should enhance our understanding of the 
complexity by which polarity controls Hippo signaling in 
development and cancer. 

Cell polarity and the EMT 

A widely accepted paradigm for cancer progression is that 
epithelial cells undergo a mesenchymal transition, during 
which they lose apical-basal polarity and intercellular adhe- 
sions, and express mesenchymal genes, such as N-cadherin 
and vimentin.'" Single mesenchymal cells escape from the 
epithelial tumor mass and enter the lymphatic system or 
bloodstream through which they disseminate. At ectopic 
sites in the body, the tumor cells extravasate, revert to an 
epithelial phenotype, and colonize surrounding tissue to form 
metastases. However, EMT is not essential for tumor invasion, 
as epithelial cells can collectively invade.'' ** Furthermore, 
circulating tumor cells (CTCs) isolated from cancer patients 
show expression of markers for both mesenchymal and epi- 
thelial cells,*' indicating that multiple mechanisms may be 
involved by which cells can disseminate. This may depend 
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on the breast cancer subtype, since CTCs from patients with 
triple negative breast cancers have a mesenchymal phenotype, 
whereas CTCs from patients with lobular cancer express 
epithelial markers, similar to the primary tumor.**' 

EMT is regulated by multiple transcription factors includ- 
ing Snail, Slug, Twist, Zebl/2, F0XC2, KLF8, and E47, 
which are able to suppress epithelial genes and activate a 
mesenchymal expression program.^" In particular, Zebl and 
Snail repress the expression of an array of epithelial polar- 
ity genes, including E-cadherin, Crumbs, Patj and Lgl.'' '"" 
The suppression of apical-basal polarity is considered an 
invariable feature of EMT, and re-expression of Lgl2 blocks 
Zebl and Snail-induced EMT.'°" Importantly, a feedback 
cycle involving members of the miR-200 family maintains 
epithelial characteristics by suppressing expression of trans- 
forming growth factor [3 (TGPP) and Zebl.'^ '^ In the mam- 
mary gland, the micro ribonucleic acid (miRNA) miR-200a 
maintains apical-basal polarity and its knockdown suppresses 
claudin-3 and Par6P expression, which compromises apical- 
basal polarity and lumen formation.'* 

Although loss of apical-basal polarity may be necessary 
for EMT, loss of polarity proteins is not sufficient to induce 
EMT. For example, although the simultaneous depletion of 
two polarity proteins (Dig, AF-6, Scrib) induces invasion of 
breast epithelial cells, it does not induce EMT.'^ Furthermore, 
loss of Par3 in vivo induces invasion and metastasis, however 
this occurs in the absence of overt EMT.**-''^ Taken together, 
these data argue that tumors can use multiple mechanisms 
for dissemination, including but not limited to EMT, and 
that loss of apical-basal polarity is not sufficient to induce 
EMT. Interestingly, Par6 is actually necessary to dissolve 
TJs during TGF-P-induced EMT, and blocking Par6 activity 
prevents EMT" In this model, the TGF-P receptor binds and 
phosphorylates Par6, which then recruits the E3 ubiquitin 
ligase Smurfl to degrade RhoA (Ras homolog gene family 
member A) and destabilize TJs."" 

An EMT phenotype has also been associated with 
mammary stem cell characteristics, which have been linked to 
increased breast tumor-initiating capacity, resistance to radia- 
tion and chemotherapy, and metastasis." '* Interestingly, EMT 
is able to stimulate self-renewal of breast cancer stem cells by 
activating Taz through delocalizing Scrib.'' This highlights the 
complexity of signaling regulated by polarity proteins, which 
can lead to crosstalk between pathways in the progression of 
breast cancer. The Crumbs complex also mediates crosstalk 
between EMT and the Hippo signaling pathway. TGF-P induces 
EMT through SMAD signaling in NMuMG (normal murine 
mammary gland) mammary epithelial cells. Surprisingly, in 



polarized cells. Yap 1 /Taz sequesters SMADs in the cytoplasm 
to inhibit their activity, which is controlled by binding of 
Yapl/Taz to the Crumbs complex.*^ Therefore disruption of 
the Crumbs complex sensitizes cells to EMT by delocalizing 
Yapl/Taz and SMADs. 

Specific evidence of the importance 
of polarity proteins in breast cancer 

Cooperation between cell polarity 
proteins, oncogenes, and tumor 
suppressors 

In this section we will examine evidence for a direct role of 
polarity proteins in breast cancer progression and metastasis, 
with a focus primarily on studies utilizing mouse models. 

HER2/ErbB2 is amplified in approximately 20%-30% 
of breast cancers and is associated with increased prolifera- 
tion, reduced apoptosis, and disrupted epithelial organization 
and apical-basal polarity. Loss of apical-basal polarity is 
dependent on Par6/aPKC, and activated ErbB2 is able to bind 
Par6/aPKC and displace Pai-3; therefore, activation of ErbB2 
affects apical-basal polarity by disrupting the Par complex 
(Figure S).''^" Although Par6 is over-expressed in human 
breast cancers and is able to induce proliferation in mam- 
mary epithelial cells through the mitogen activated protein 
kinase (MAPK) pathway in vitro,'"" Par6 and aPKC are not 
necessary for ErbB2-dependent proliferation." 

The contribution of the Par polarity complex in HER2/ 
ErbB2-positive breast cancers may occur at multiple levels. 
The 14-3-3a tumor suppressor gene is frequently lost in 
ErbB2 amplified tumors and genetic deletion of the 14-3-3a 
locus in mice disrupts cell-cell junctions and apical-basal 
polarity."" 14-3-3a binds Par3, and loss of 14-3-3a mislo- 
calizes Par3 from the plasma membrane to induce polarity 
defects and accelerate ErbB2-dependent tumor onset. 
Therefore, the Par complex is targeted and disrupted by 
oncogenes and tumor suppressors to perturb apical-basal 
polarity during breast cancer progression (Figure 5). 

Loss of Par3 has also been shown to promote breast 
cancer progression by collaborating with oncogenes. Deple- 
tion of Par3 from the normal mammary gland increases both 
apoptosis and proliferation, which offset each other and 
palpable tumors never form.'"'-'" However, in the presence 
of either oncogenic Notchl intracellular domain (NICD) 
or activated RasV12, loss of Par3 robustly promotes tumor 
growth.'"' This effect may depend on the oncogene, because 
loss of Par3 has no effect on primary tumor size in an ErbB2 
model."' 
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Loss of polarity proteins can also cooperate with the 
Myc oncogene to promote tumor growth. Loss of Scrib in 
Myc-driven mammary tumors enhances primary tumor size, 
in this case by blocking Myc-induced apoptosis.''^ In this 
model, Scrib acts as a scaffold to coordinate a Rac/JNK/c-Jun 
pathway that regulates expression of the pro-apoptotic pro- 
tein Bim (Figure 5).*^ Loss of Lkbl is also able to promote 
primary tumor growth in Myc-induced mammary tumors.*' 
In this case, loss of Lkbl is associated with disrupted local- 
ization of apical-basal polarity proteins, but does not affect 
Myc-induced apoptosis."' Instead, a mechanism by which 
Lkbl may regulate mammary tumor size is through Hedgehog 
signaling (Figure 5); depletion of Lkbl causes upregulation 
of Hedgehog pathway genes Sonic hedgehog (Shh), Smooth- 
ened (Smo), Glil, and Patched (Ptch).'"^ Importantly, Lkbl 
and the expression of Hh pathway components are negatively 
correlated in human breast cancer samples, and inhibition 
of Hh signaling enhances apoptosis in Lkbl -deficient tumor 
cells."" Lkbl is also an important regulator of AMPK, a 
central regulator of metabolic function, which may represent 
another mechanism by which Lkbl could regulate breast 
cancer growth.^^ 

A role for polarity proteins in breast 
cancer invasion and metastasis 

The transition to invasive breast cancers involves degradation 
of the basement membrane, providing an opportunity for cells 
to escape the primary tumor mass and invade surrounding 
tissue. The basement membrane can also exert a polarizing 
cue to epithelial cells to establish and maintain apical-basal 
polarity in the mammary epithelium.''''"''' However, signaling 
between apical-basal polarity proteins and the extracellular 
is bidirectional and disrupted expression of polarity proteins 
also impinges on extracellular matrix (ECM) integrity. 
For example, loss of Lkbl in the mammary gland causes 
fragmentation of the basement membrane through mislocal- 
ization of the serine protease hepsin (Figure 5).'" Further- 
more, loss of Par3 in NICD-expressing mammary tumors 
alters the expression of numerous ECM-related genes, and 
leads to degradation of the ECM and defects in cell-matrix 
adhesion."* Therefore, the disruption of some polarity 
proteins may contribute to breast cancer progression by 
degrading the basement membrane and extracellular matrix, 
which may be important for the switch from carcinoma in 
situ to invasive carcinoma. Indeed, this appears to be the 
case; loss of Par3 in both NICD and RasV12 breast cancer 
models promotes local invasion and lung metastasis. Loss 
of Par3 causes activation of Janus kinase/signal transducer 



and activator of transcription (Jak/Stat) signaling, which 
through matrix metalloproteinases (MMPs) and likely other 
targets, remodels the ECM and enables Par3-deficient cells 
to invade and metastasize (Figure 5).'"' This is dependent on 
aPKC, which is mislocalized and activated in Par3-depleted 
cells.'" Concomitant depletion of Par3 and inhibition of Jak/ 
Stat3 or MMP9 partially inhibits invasion and metastasis, 
indicating that additional mechanisms may be at play.'"' 
Interestingly, another study identified a complementary 
pathway for loss of Par3 to induce invasion and metastasis in 
ErbB2 breast cancers.'" In this case, invasion and metastasis 
caused by loss of Par3 involves the loosening of adherens 
junctions, but without inducing EMT.''' In this model, loss 
of Par3 activates the GTPase Racl by delocalizing the Rac 
activator Tiaml ,''^ and Tiaml itself is necessary for ErbB2- 
mediated mammary tumor growth and metastasis (Figure 
5).'°' The activated Rac then induces uncontrolled cortical 
actin dynamics, which decreases E-cadherin stability and 
cell-cell cohesion to prime cells to become more invasive 
and metastatic.'*' 

Par6 has also been implicated in breast cancer metastasis, 
although the mechanism is distinct than for Par3. In this case, 
Par6 expression is required forTGF-P-induced metastasis by 
destabilizing tight junctions (Figure S)."""' Expression of an 
inactive Par6 mutant that uncouples it from the TGF-p recep- 
tor, restores tight junction formation, and blocks metastasis 
to the lungs.'"* 

Clinical perspectives 

A challenge with breast cancer is that it is a heterogeneous 
disease, with diverse molecular subtypes driven by distinct 
oncogenes and tumor suppressors. Therefore, polarity pro- 
teins may have distinct functions in different breast cancer 
subtypes. It is interesting to note that The Cancer Genome 
Atlas (TCGA) breast data set reveals that expression of 
at least one core polarity protein is deregulated in 65% of 
Luminal A/B, 79% of HER2, and 95% of basal-like breast 
cancers."" Furthermore, since polarity proteins function to 
regulate signaling moieties by spatially restricting them, 
other factors such as mutations that affect protein-protein 
interactions, or even localization could be important. For 
example, Scrib is mislocalized in DCIS, and mislocalization 
of Scrib can mimic some, but not all, cancer-related functions 
observed when Scrib is depleted."^"'^ 

A current clinical challenge is assessing early breast 
lesions and predicting which are benign and which may 
progress to invasive disease."" It is recognized that like 
more advanced tumors, DCIS also has multiple distinct 
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subtypes, and up to 50% of DCIS foci will progress to 
invasive carcinoma.'' One marker for this transition is 
E-cadherin, which is expressed in early DCIS, but is absent 
from IDC."" Analysis of additional polarity markers and 
their relationship with breast cancer progression may iden- 
tify changes that enhance diagnostic or prognostic decisions 
at early stages. 

An intriguing question is whether polarity proteins could 
represent therapeutic targets. Since many polarity proteins 
act as scaffolding or adaptor proteins without any enzymatic 
activity, it may be possible to target specific protein-protein 
interaction domains using available high-through put screen- 
ing methods for small molecule inhibitors of phosphorylation- 
dependent protein-protein interactions."" For example, this 
may have utility in Par6 over-expressing breast tumors to 
uncouple Par6 from TGF-P receptor in the treatment of 
metastatic breast cancer. A more feasible approach may be 
to inhibit the polarity kinases. Several small molecule aPKC 
inhibitors have been developed,'"'"^ and inhibiting aPKC in 
Par3 over-expressing breast cancer cells sensitizes them to 
chemotherapy."" Alternatively, a deeper understanding of 
the signaling pathways that are hyper-activated in cells with 
altered polarity may also identify pathways with established 
therapeutic targets. 

Finally, although still somewhat controversial, breast 
cancer stem cells have been identified that have increased 
tumor-initiating capacity, resistance to chemotherapy 
and radiation, and metastatic potential. "^""^ Moreover, 
the claudin-low subtype displays an enhanced stem cell 
signature."** Mammary stem cells divide asymmetrically and 
p53-null and ErbB2 tumors in mice have an expanded stem 
cell population due to a switch to symmetric, self-renewing 
divisions."' In numerous stem cell systems, the Par complex 
is involved in regulating asymmetric cell divisions,'^" and an 
important future goal will be to determine how disruption 
of polarity proteins affects stem cell properties during breast 
cancer progression and treatment. A deeper understanding 
of the mechanisms of stem cell renewal may hold promise 
for identifying new ways to manage breast cancer patients 
clinically. 

Conclusion 

Our understanding of the roles of polarity proteins in 
breast cancer progression is still in its infancy. However, 
our current state of knowledge indicates that the core 
polarity proteins interact with a wide array of signaling 
pathways, and function in context-specific ways that 
may be important to many, if not all, stages of cancer 



progression. A more thorough understanding of the 
mechanisms that lead to altered apical-basal polarity, 
and the consequences of these changes in different breast 
subtypes, as well as in the context of diverse oncogenes 
and tumor suppressors will lead to a further understanding 
of the mechanisms that regulate breast cancer progression 
and metastasis. 
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